Abstract-With advances in wireless technology and the increase in popularity of mobile devices, more and more people now rely on mobile devices for multimedia services (such as video streaming and video calls). A mobile device can be connected and roamed to different networks in heterogeneous wireless networks. The Media Independent Handover (MIH) framework is designed by the IEEE 802.21 group to support seamless vertical handover between different networks. However, how to select an appropriate network from available ones and when to execute the handover remain the key challenges in MIH. This paper proposes a user-centric QoEdriven vertical handover (VHO) framework, based on MIH, which aims to maintain acceptable QoE of different mobile application services and to select an appropriate network based on users' preferences (e.g. on cost). Further a usercentric QoE-driven algorithm is implemented in the proposed framework. Its performance is evaluated and compared with two other VHO algorithms based on Network Simulator 2 (NS2) for video streaming services over heterogeneous networks. The preliminary results show that the proposed algorithm can maintain better QoE and at the same time, take into account user's preference on cost when compared with the other two algorithms.
INTRODUCTION
In recent years, with the development of mobile devices and wireless technology, most mobile devices are able to connect to different wireless networks such as UMTS (3G), WiFi, WiMAX (4G) and LTE (4G). Users use different applications on smart phones anywhere, anytime, and over any networks. The number of people using applications on smart mobile phones is also increasing significantly. According to Cisco Visual Networking Index (VNI) forecast, WiFi and mobile devices will account for about 66% of IP traffic, and 82% of all consumer Internet traffic will be video by 2020 [1] . With the increase in mobile video data, it is vital for service providers to provide satisfactory Quality of Experience (QoE) for end users for mobile video service delivery (such as video streaming, e.g. YouTube, and video gaming). From both customer and service providers' perspectives, cost is also a major concern in service provisioning. However, no single wireless technology can fulfill the requirements of quality and cost at the same time. Hence, it is necessary to take advantage of different wireless technologies to provide satisfactory QoE, and at the same time, maintain reasonable cost for mobile data usage for customers. In order to utilize different wireless technologies, mobile services should be handed over between different wireless technologies to achieve seamless vertical handover without affecting the users' experience of a service.
The IEEE 802.21 group designs a Media Independent Handover (MIH) framework to support seamless vertical handover between different networks [2, 3] . However, how to select an appropriate network from available networks and when to execute a vertical handover still remain open questions and represent a key challenge in MIH [4] [5] [6] . Most existing research on VHO algorithms are focused on Quality of Service (QoS) issues, such as network parameters (e.g. bandwidth and packet loss). Only few proposed VHO algorithms which consider the QoE of multimedia services aimed at achieving the highest QoE all the time [7] [8] [9] . Due to limited network resources, we consider that it is difficult to achieve the highest QoE all the time which might cause unnecessary handover and incur high cost for users. Further each user might have different considerations on cost and mobile bill. Thus, both QoE and user preferences (e.g. cost) should be taken into account when designing a VHO algorithm. Additionally, different types of video also should be considered due to its different impact on QoE. This paper proposes a user-centric QoE-driven vertical handover (VHO) framework based on the MIH framework. It aims to maintain an acceptable QoE for different application services for users and to select an appropriate network based on users' budget and preference. A user-centric QoE-driven VHO algorithm is also implemented and the performance is evaluated and compared with QoS-based VHO algorithms with three different types of videos on NS2.
The rest of the paper is structured as follows: the background to vertical handover and the MIH framework is introduced in Section II. In Section III, related work is reviewed. Then, a user-centric QoE-driven VHO framework and algorithm are described in Section IV. Performance evaluation and results analysis are presented in Section V. Finally, the conclusion and future work are summarized in Section VI.
II. BACKGROUND

A. Handover Management
Most recent smart phones have multi-interfaces that allow users to connect to multi-networks such as UMTS (3G) and WiFi. Handover management is a key component of mobility management to support data roaming from one network to another [5] . In handover management concept, there are many features such as mobility scenarios and handover types, as illustrated in Fig. 1 . Depending on the mobility scenario, there are two kinds of handover: horizontal handover and vertical handover. Horizontal handover means that the handover takes place between two access points with the same wireless technology. If the two access points have different wireless technology, the handover is called vertical handover. However, the handover also may be classified in a different way based on other features such as handover control and handover type. The process of handover management includes three phases as following:
• Handover Information Gathering: to collect all required information from available networks for supporting handover decision phase.
• Handover Decision: to analyze all collected information, to select target network from available networks and to decide when to execute a handover depending on a handover algorithm.
• Handover Execution: to connect to the selected network based on the handover decision and to switch connection to targeted network.
Among the above three phases, the handover decision phase is the key of handover management process. An appropriate handover decision could improve the QoS and provide users a decent QoE. Otherwise, users would have a poor quality of experience for the provided service. The handover decision is made by a handover algorithm (also called handover strategies). There are many different handover algorithms based on different decision criteria such as Radio Signal Strength (RSS), user preference and QoS parameters. For example, a user-centric VHO algorithm will consider users' requirement into handover decision based on users' preferences [10, 11] . However, in the current market, most of mobile applies network-based handover algorithm for vertical handover. For the network-based VHO algorithm, when WiFi network is connected, all data will be downloaded and uploaded through WiFi network without considering the network condition of WiFi network. If users would like to use mobile network, the only way is to disable the WiFi interface. Considering that a WiFi network is free or cheaper than a mobile network, a VHO algorithm could be designed in a flexible way to users. Furthermore, some users also have mobile data allowance, so that they would be happy to enjoy good QoE within their mobile data allowance when the network condition of WiFi network becomes poor. The proposed VHO algorithm make handover decision based on users' preferences and QoE, thus it could be classified as user-centric QoE-driven VHO algorithm.
B. Media Independent Handover Framework
As mentioned above, the MIH framework is designed by IEEE 802.21 group to support seamless vertical handover. In MIH framework, there is a central entity called media independent handover function (MIHF). MIHF is located between network layer and link layer and supports information exchange between two different devices and handover execution. In MIHF, IEEE 802.21 defines three services: MIH information services, MIH event services and MIH command services.
MIH information services are used to collect and exchange required information between two devices. All events in lower layers will be detected by MIH event services. MIHF will generate MIH events based on detected events, and then propagate the MIH events to upper layers. Hence MIH information services and MIH event services could provide essential information for handover decision. MIH command services provide the function for MIHF to execute handover. The flows of information, events and commands in MIH framework are exhibited in Fig. 2 .
MIH framework could provide seamless VHO for users, but the VHO algorithm might be the limitation. As the network-based VHO algorithm is default VHO algorithm in MIH framework that is not good enough to provide good QoS and QoE for users. Hence, the proposed VHO framework is designed based on MIH framework to provide better QoE for users.
III. RELATED WORK
In recent years, development of vertical handover algorithms becomes more and more popular as it still is the key challenge of mobility management in heterogeneous networks. A VHO algorithm decides the target network and the time to execute a vertical handover. If a VHO algorithm selects an inappropriate network, it would cause unnecessary cost or degradation of users' experience. However, even though a VHO algorithm selects an appropriate network to handover to, when to execute VHO still is a challenge. If a VHO execution was initiated too early or late, excessive cost or degradation of users' experience would occur. Hence, in order to make an appropriate VHO decision, the criteria of VHO algorithm should be chosen carefully. Koundourakis et al. and Zahran et al. proposed RSS-based VHO algorithms to select a target network based on the RSS [12, 13] . RSSbased VHO algorithms will select a target network which has the highest RSS. RSS-based VHO algorithms could minimize degradation in congestion situation. However, RSS-based VHO algorithms have some disadvantages such as high handover delay and time consuming. Cost functionbased VHO algorithms select the best available network based on calculation of specific parameters from available networks [14] [15] [16] . They evaluate each available network and measure the sum of weighted function of specific parameters. Then, the network with the highest score will be selected as target network. Cost function-based VHO algorithms could achieve high throughput and low handover latency. However, these algorithms consider only network QoS parameters which are not directly linked with users' QoE. Calvagna, Modica and Ormond et al. proposed user-centric VHO algorithms in terms of cost and QoS [10, 11] . These algorithms tried to fulfill users' satisfaction with non-realtime applications such as FTP file transfer. However, more QoS parameters (e.g. packet loss) need to be taken into account to improve efficiency of the user-centric VHO algorithms. Moreover, their works are only limited to FTP applications without consideration of multimedia services. Some QoE-based VHO algorithms have been proposed in [8, 9, 17] . The QoE-based VHO algorithms select a target network with the highest predicted MOS that could provide relative good QoE for users. However, it is unnecessary to always connect to network with highest MOS. Always connecting to network with highest MOS could cause unnecessary handover and waste of energy. Furthermore, those QoE-based VHO algorithms ignore the video content type and cost that will affect the QoE to users. In our previous work [18] , a QoE-driven VHO algorithm is proposed to maintain acceptable QoE for users. The algorithm could avoid unnecessary handover and save the energy. However, the work is only limited to QoE without consideration of user preference (e.g. cost) and the performance comparison was only carried out with a network-based VHO algorithm. In this paper, a user-centric QoE-driven VHO framework is designed to allow users to decide how to select a network based on their budget and cost concerns. The proposed framework could be applied with different QoE-driven VHO algorithm to maintain acceptable QoE of different applications for users. Regarding to video applications, a user-centric QoE-driven VHO algorithm is also proposed in this paper to evaluate the performance of video streaming in proposed framework. Furthermore, the performance of user-centric QoE-driven VHO algorithm will be compared with QoS-based VHO algorithm.
IV. USER-CENTRIC QOE-DRIVEN VHO FRAMEWORK
A. User-centric QoE-driven VHO Framework
User-centric QoE-driven VHO framework is based on MIH framework to fulfill users' requirements with different application services in heterogeneous networks. Most of users are not care about what happen in wireless networks. From users' perspective, cost and users' experience are the most important concerns. Since users also have different requirements of cost and users' experience for different application services, it is necessary to make VHO decision based users' preferences. The procedures of user-centric QoE-driven VHO framework is shown in Fig 3. Depending on the types of application services, related QoE-Estimators and user-centric QoE-driven VHO algorithms will be applied in the proposed framework. QoE-Estimators always keep monitoring the QoE of application services. QoE-Estimators will collect related network and service parameters to predict QoE in terms of MOS. Then the predicted MOS will be sent to user-centric QoE-driven VHO algorithm. Users can set users' preferences depending on their concerns which will be considered by user-centric VHO algorithm. When multiinterfaces detect the link events, such as link up and link down, it will send related information of the link event to MIHF. Once MIHF received the link events, MIHF would generate MIH events and propagate to user-centric QoE- driven VHO algorithm for supporting handover decision. However, the proposed VHO algorithm would only be activated by MIH event (receiving radio advertisement). If MIHF is implemented in a network access point, the access point will broadcast MIH radio advertisement to inform other MIH users. For example, if there is no other network available, to activate user-centric is kind of useless energy consumption. However, once a new available network is detected by MIHF, the user-centric QoE-driven VHO algorithm will be activated by MIH event. All required information would be analyzed to make handover decision based on users' preference. Once the handover decision is made, user-centric QoE-driven VHO algorithm will send the decision to MIHF. Then, depending on the decision, MIHF will control the multi-interfaces by MIH commands.
B. User-centric QoE-driven VHO Algorithm
A user-centric QoE-driven VHO algorithm is designed to maintain acceptable QoE of video streaming based on predicted MOS and user's preferences. Hence this algorithm could select an appropriate network to fulfill users' actual requirements during VHO. A reference-free QoE assessment model is applied to measure QoE of video streaming in the user-centric QoE-driven VHO framework as the QoEEstimator [19] . This model is able to assess QoE of video streaming over different wireless networks based on the parameters of application and network, such as pack error rate (PER), sending bitrate (SBR) and frame rate (FR). The nonlinear equation is shown in (1). Moreover, the QoE prediction model classifies three types of video depending on the content movement of video: Slow Movement (SM), Gentle Walking (GW) and Rapid Movement (RM). Table 1 shows all coefficients of different types of content. This reference-free QoE prediction model will act as QoEestimator to measure QoE of video streaming in user-centric QoE-driven VHO algorithm.
(1)
The user-centric QoE-driven VHO algorithm allows users to decide how to select target network depending on users budgets and concerns. Fig. 4 displays procedures of user-centric QoE-driven VHO algorithm. Users could set users' preferences as quality-guarantee or cost-free. Qualityguarantee means that the proposed VHO algorithm maintains acceptable QoE of video streaming. If the users' preferences is set to cost-free, the proposed VHO algorithm works as network-based VHO algorithm. It is note that user-centric QoE-driven VHO algorithm is set to connect to new WiFi network automatically when users are using mobile network. The reason is that WiFi networks are supposed to be cheaper than mobile network and are able to provide good QoE for users. Once user-centric QoE-driven VHO algorithm received the MIH event of receiving radio advertisement (RA), it would check the block list (BL) at first. BL is used to store the information of the networks which have been connected before and have poor network condition. If the received RA is from the network which has been stored in BL, user-centric QoE-driven VHO algorithm would just ignore this network and turn itself back to idle statue. Otherwise user-centric QoE-driven VHO algorithm would continue checking the user's preference. If user's preference was set to cost-free, user-centric QoE-driven VHO algorithm would just check the remaining time in current network. If user is going to stay the coverage of current network less than minimal remaining time (MRT), user-centric QoEdriven VHO algorithm would target this network and initiate the handover execution. Otherwise, user-centric QoE-driven VHO algorithm would ignore this network and switch itself to idle statue. Cost-free function could avoid extra cost for users, as user-centric QoE-driven VHO algorithm would always decide to connect to WiFi network as long as it is available. However, the acceptable QoE is not able to be guaranteed, if the user select cost-free in user-centric QoEdriven VHO algorithm. Nevertheless, some users have some mobile data allowance and concern about the QoE, they could choose quality-guarantee function in user-centric QoE-driven VHO algorithm to maintain the acceptable QoE of video streaming. As shown in Fig. 4 , if users' preference was set to qualityguarantee, user-centric QoE-driven VHO algorithm would check the type and connecting time of current connecting network firstly. Then if the current connecting time is longer than minimal connecting time (MCT), then user-centric VHO algorithm would check the QoE of video streaming. Otherwise user-centric QoE-driven VHO algorithm would become idle statue. MCT is used to avoid unnecessary handover like Ping-pong, because QoE of video streaming needs time to recover the quality after handover from poor network. At the end, if predicted MOS of video streaming was more than 3.5 (value of acceptable QoE), user-centric QoE-driven VHO algorithm will decide to stay in current connecting network. Otherwise, user-centric QoE-driven VHO algorithm would initiate the handover and record the current connecting network in BL to avoid unnecessary handover. User-centric QoE-driven VHO algorithm allow users to decide how to select target network depending on their budget and interests. Hence, no matter users are concerned about QoE or prefer free service, users' different requirements could be satisfied by user-centric QoE-driven VHO algorithm.
V. PERFORMANCE EVALUATION AND ANALYSIS
A. Simulation Parameters and Topology
User-centric QoE-driven VHO algorithm is implemented in MIH framework in Network Simulator 2.29 (NS 2.29). Evalvid module also is implemented in NS 2.29 to provide video application with input video trace data. The simulations are designed to evaluate the video streaming performance of user-centric QoE-driven VHO algorithm under UMTS network and WiFi network. This simulation also plans to compare the performance of user-centric QoEdriven VHO algorithm and QoS-based VHO algorithm. Fig.  5 shows the topology of simulation. At the beginning of this simulation, the mobile user will use real time video application under UMTS network at 20 th second. Then the mobile user will walk into and stay in office. There is WiFi router to provide free WiFi network in office. However, the WiFi network will become congestion with different packet loss rate at 56th second. Packet loss rates will be set to from 0% to 10% with the increasing of 2%. In this simulation, if packet loss rate is set to a value, packet loss rate would not always be the value. The packet loss rate would randomly change up and down around the value. However, the average packet loss rate will be the value. In this simulation, there are three H.264 videos with different types of movement are applied in this simulation to evaluate the performance of user-centric QoE-driven VHO algorithm. In order to compare the performance of different VHO algorithms, QoSbased VHO algorithm and network-based VHO algorithm also will be evaluated with same simulation scenario. The quality-guarantee function will be selected in user-centric QoE-driven VHO algorithm. For the QoS-based VHO algorithm, 8% packet loss rate will be set as the threshold for tricking the handover. Network-based VHO algorithm will be evaluated as cost-free function of user-centric QoE-driven VHO algorithm. The main simulation parameters are shown in Table 2 . There are three main questions for this simulation:
• Whether user-centric QoE-driven VHO framework could maintain acceptable QoE of video streaming for users? • Whether user-centric QoE-driven VHO algorithm could provide better QoE of video streaming for users than QoS-based VHO algorithm? • Whether the performance of user-centric QoE-driven VHO algorithm would be affected by the difference of content movement? • Whether user-centric QoE-driven VHO framework could maintain the acceptable QoE of video streaming and also keep the cost at reasonable low?
B. Results and Analysis
After the simulations, all results were divided into five sets based on different packet loss rates. Due to the large amount of results, a set of results with 4% packet loss rate will be displayed and analyzed as example in this paper. Furthermore, the overall MOSs of different VHO algorithms also will be presented. Fig. 6 shows the average MOS of SM video with 4% packet loss rate. When packet loss rate was set to 4%, only QoS-based VHO algorithm executed handover from WiFi to UMTS network. The other two VHO algorithms kept connecting with WiFi network until the end of simulation. QoS-based achieve best QoE of SM video in this set of simulation. However, is this handover really worthy in this situation? Even though QoS-based VHO algorithm reached high QoE, but it cost more mobile data which means more cost. User-centric QoE-driven VHO algorithm and networkbased VHO algorithm did not provide relative high QoE of SM video as QoS-based VHO algorithm. But the QoE of SM video provided by user-centric QoE-driven VHO algorithm and network-based VHO algorithm are always acceptable and the MOSs were more than 4 at most of time. Furthermore, user-centric QoE-driven VHO algorithm and network-based VHO algorithm kept connecting to WiFi network which meant no extra cost. Since SM video is insensitive to packet loss, the difference of QoE between 4 and 4.5 is just slight for SM video. Thus it is unworthy to pay extra money for similar QoE of SM video. In this case, user-centric QoE-driven VHO algorithm made better decision than QoS-based VHO algorithm.
The average MOS of GW video with 4% packet loss is shown as Fig. 7 . In this set of simulation, both of user-centric QoE-driven VHO algorithm and QoS-based VHO algorithm executed handover from WiFi network to UMTS network. When packet loss started happening, all of three VHO algorithms decided to stay connecting to WiFi network. At that period of time, the QoE of GW videos are acceptable. When user-centric QoE-driven VHO algorithm detected unacceptable QoE of GW video, it performed the handover from WiFi network to UMTS network immediately. However, QoS-based VHO algorithm did not detect that the QoE of GW video became unacceptable as quick as usercentric QoE-driven VHO algorithm. QoS-based VHO algorithm only noticed poor QoE of GW video until the QoE became even worse. Since user-centric QoE-driven VHO algorithm detected unacceptable QoE of GW video earlier than QoS-based VHO algorithm, it provided acceptable QoE of GW video earlier than QoS-based VHO algorithm. Even though user-centric QoE-driven VHO algorithm produced more cost than QoS-based VHO algorithm, but what the most important was that user-centric VHO algorithm fulfilled users' requirement and avoided the worse packet loss. Network-based VHO algorithm still kept connecting to WiFi network all the time. Hence user-centric QoE-driven VHO algorithm achieves better QoE of GW video than QoSbased VHO algorithms and avoid the QoE of GW video becoming unacceptable again. Fig. 8 displays average MOS of RM video with 4% packet loss rate. In this situation, user-centric QoE-driven VHO algorithm immediately detected dramatically descent of QoE of RM video. Then user-centric QoE-driven VHO algorithm executed handover from WiFi network and mobile network around 62th second and it effectively maintained acceptable QoE of RM video for users. However, QoS-based In order to analyze and compare overall performance of three VHO algorithms, the overall MOSs of three different videos under diverse packet loss rates are shown in Fig. 9 , 10 and 11. Note that overall MOS represents the QoE from the beginning of video application to the end. The overall MOS of SM video under diverse packet loss rate is displayed as Fig. 9 . QoS-based VHO algorithm always maintained the overall QoE at almost perfect level around 4.5. When packet loss rate increased from 0% to 6%, the overall QoE of usercentric QoE-driven VHO algorithm and network-based VHO algorithm were same (more than 4) and decreased with the increasing of packet loss rate. Nevertheless, when packet loss rate became more than 6%, user-centric QoE-driven VHO algorithm detected unacceptable QoE of SM video and executed handover form WiFi network to UMTS network for maintaining acceptable QoE for users. But network-based VHO algorithm still kept connecting to WiFi network and its QoE of SM video carried on dropping with packet loss rate increasing. For SM video, QoS-based VHO algorithm seems could provide better QoE for users than user-centric QoEdriven VHO algorithm. However, there was no significant difference of QoE between user-centric QoE-driven VHO algorithm and QoS-based VHO algorithm. Moreover overall QoE of both VHO algorithms were blameless. But QoSbased VHO algorithm created more cost on mobile network. There is meaningless to make users pay extra for similar QoE of SM video. Fig. 10 depicts the overall MOS of GW video under different packet loss rates. For GW video, the performance of user-centric QoE-driven VHO algorithm and QoS-based VHO algorithm were similar. It is clear that both of usercentric QoE-driven VHO algorithm and QoS-based VHO algorithm detected QoE dropping, when the packet loss rate was set to 4%. Furthermore, the performance of user-centric QoE-driven VHO algorithm is slight better than QoS-based VHO algorithm. Then, with the enlargement of packet loss rate, the performance of user-centric QoE-driven VHO algorithm and QoS-based VHO algorithm were almost same. For network-based VHO algorithm, the overall QoE of GW video decreased with the increscent of packet loss rate. Fig. 11 shows the overall MOS of RM video with diverse packet loss rates. It is obvious that user-centric QoEdriven VHO algorithm successfully maintained QoE of RM video for users, no matter how packet loss rate changed. For QoS-based VHO algorithm, when packet loss rate was set to 2% and 4%, the QoE of RM video became unacceptable. Once packet loss rate increased to 6% and over, the performance of QoS-based VHO algorithm got close to usercentric QoE-driven VHO algorithm. Since QoS-based VHO algorithm only take packet loss rate into consideration so that it cannot notice the serious degradation of QoE of RM video. In terms of network-based VHO algorithm, the QoE of RM video dramatically decreased with packet loss rate increasing. Thus, regarding to RM video, user-centric QoE-driven VHO algorithm accomplished best performance among three VHO algorithms. Even though RM video is easy to be affected by packet loss rate, user-centric QoE-driven VHO algorithm 
VI. CONCLUSION AND FURTURE WORK
This paper proposed a user-centric QoE-driven VHO framework to allow users to set users' preferences to costfree or quality-guarantee depending on their budget and concern. Through several sets of simulation, the performance of user-centric QoE-driven VHO framework has been evaluated in terms of video streaming services. Furthermore user-centric QoE-driven VHO algorithm is compared with QoS-based VHO algorithm with diverse packet loss rates and three video with different types of content movement. The results showed that, firstly, the user-centric QoE-driven VHO framework can effectively maintain acceptable QoE of video streaming for users. Secondly, the user-centric QoEdriven VHO algorithm can provide better users' satisfaction of video streaming than that of QoS-based VHO algorithm. Thirdly, the performance of user-centric QoE-driven VHO algorithm would not be affected by content movement of video. Finally, user-centric QoE-driven VHO framework can maintain an acceptable QoE of video streaming, meanwhile it also can avoid unnecessary handover and cost. Hence, the user-centric QoE-driven VHO framework is able to maintain QoE of different application services in heterogeneous networks.
In the future, a video adaptation scheme will be utilized to improve performance for the user-centric QoE-driven VHO framework. Other application services (such as VoIP and video gaming) will also be taken into account and their performance will be evaluated in the user-centric QoE-driven VHO framework.
